Electrostatic precipitators (ESP) are widely used for fine particle control. The collection surface 24 is sometimes coated with materials to enhance pollutant removal. The use of nonwoven fabric 25 liner inserts for submicrometer particle removal in an ESP was investigated. Two nonwoven 26 fabrics (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL) were conductive and the third 27 fabric (RR-10(S)F1SS/DSL) was non-conductive. The current-voltage characteristics of the ESP 28 revealed a lower inception voltage for the conductive fabrics (5.0 kV for HAS-10(S)F1SS/PML 29 and 6.1 kV for HPS-10(S)FIL/F1SS/BSL), while a higher inception voltage was obtained 30 without fabric (6.9 kV) and no distinct inception voltage was observed with the non-conductive 31 fabric due to the more reactive electrons and ions on the surfaces of conductive fabrics. The 32 particle capture performance of the ESP was studied with and without nonwoven fabrics using 33 NaCl particles at applied voltages ranging from 0 kV to 7.5 kV. Due to the lower inception 34 voltages and higher ion concentrations of conductive fabrics compared to no fabric and non-35 conductive fabric, the higher removal efficiencies of particles were obtained at applied voltages 36 lower than 7.5 kV. At 7.5 kV, all cases showed high particle removal efficiencies except particle 37 sizes less than 30 nm and larger than 700 nm due to lower charging with ultrafine particles and 38 re-entrainment of larger particles into the gas stream. Compared to no fabric, better charging 39 with ultrafine particles and inhibition of re-entrainment of particles were observed with fabrics.
INTRODUCTION
Airborne submicrometer particles have long atmospheric residence times and pose severe health 46 risks. Increasingly stringent international emissions regulations and air quality standards have 47 heightened the need for innovative solutions (Morawska et al., 1998; Chan et al., 2004; Li et al., 7 disrupting the mean free path and generation of radicals (Kulkarni et al., 2002; Durme et al., 135 2008). A Po-210 radiation source neutralizer was used to make the generated submicrometer 136 particles to carry a zero or a low number of charges (Li et al., 2016) . The particles were then 137 introduced into the ESP and the flow rate was fixed at 1.5 L min -1 (residence time: ~18 s). A 138 scanning mobility particle sizer (SMPS, Model 3081, TSI Inc., Shoreview, MN, USA) was used 139 to measure the particle size distribution of the aerosolized NaCl stream leaving the ESP. 140 ESP particle removal experiments were conducted with negative polarity, which, 141 compared to positive polarity, generates a more stable negative corona at a lower inception 142 voltage (Parker, 1997; Kulkarni et al., 2002; Durme et al., 2008; Patino et al., 2016) . Three 143 fabrics were cut to fit as a liner within the circumference of the ESP, which was calculated to be 144 approximately 150.8 mm, so the fabrics were cut into strips with a width of 135 mm to account 145 for their thickness and correspondingly smaller circumferences. Then, the fabrics were inserted 146 into the ESP and placed on the collecting electrode (Fig. 1) . The experimental setup was 147 operated at ambient temperature and pressure conditions. 148 Different experiments were conducted to investigate the effect of conductive and non-149 conductive fabrics on particle removal in the ESP (Table 1) . First, the control current-voltage (I-150 V) characteristics and ion production without fabric under various DC voltages were studied (set 151 I). Next, the I-V characteristics and ion production with different fabrics (conductive and non-152 conductive) were investigated (set II), and the results were compared with those obtained from 153 set I. Third, particle removal tests without fabric were conducted under various DC voltages (set 154 performed (set IV), and the results were compared with those obtained in set III. The 156 experiments were performed in triplicate to ensure repeatability.
Fabric Morphology, Composition, and Resistivity

159
The surface morphologies and compositions of three different fabrics were investigated by using 160 FE-SEM and the results are shown in Fig. 2 . As can be seen in Fig. 2 , all three fabrics showed a 161 similar random distribution of fibers in their nonwoven structure. The thickness of most fibers in 162 all the fabrics was approximately 10 µm. The chemical compositions on the surfaces of all three 163 fabrics were confirmed by using EDX spectroscopy, and the results are shown in Fig. 2 . The 164 spectra of two fabrics (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL) showed similar 165 chemical composition on their surfaces (~75% carbon and ~25% oxygen). On the other hand, 166 RR-10(S)F1SS/DSL showed a different spectrum in which 75.5% carbon, 2.2% oxygen, 3.4% The resistivities of the three fabrics were investigated and the test results are shown in 
Current-voltage (I-V) Characteristics and Ion Generation 190
The current-voltage (I-V) characterization was performed with two conductive fabrics (HAS- more active electrons are expected to be generated on the surface of the fabrics due to their 203 conductive properties, resulting in greater ionization of gas molecules near the surface of the 204 fabrics. Therefore, both a lower inception voltage and higher current can be expected when the 205 ESP setup is altered using conductive fabrics. On the other hand, when non-conductive fabric 206 liner is incorporated, no noticeable current increase was observed due to its non-conductive 207 characteristic. It is also worth noting that the lower inception voltage and the higher current at 208 any applied voltages lower than 7.8 kV were observed in the cases using conductive fabrics 209 compared to the case without fabrics. The electrode originally made of stainless steel and thereby 210 the lower resistivity (6.9 × 10 -7 Ω m) is expected. The observed finding of the lower inception 211 voltage and the higher current with the conductive fabrics might be explained by the generation 212 of more active electrons on the surfaces of the conductive fabrics compared to the original 213 electrode. The generation of active electrons on the surface of the material depends on its work 214 function which is the required energy to extract an electron from the material's surface. 215 Previously, the reduced work function with oxygen added carbon compared to the original 216 carbon was reported (Zheng et al., 2003) , which could be competitive or lower than the work 217 function of stainless steel (~4.4 eV). The I-V characteristics reflect this explanation ( Fig. 3(a) ).
218
Based on the determined I-V characteristics, the following equation was used to calculate 219 the ion concentrations (N i , # cm -3 ) in the ESP setup with conductive fabrics, with non-conductive 220 fabric, and with no fabric (Kirsch and Zagnit'ko, 1981; Kulkarni et al., 2002; Jung et al., 2018) :
where I, e, Z ion , E, and A respectively represent the ion current (mA), the unit electron charge
222
(1.6 × 10 -19 C), the electric mobility of the negative ion (1.9 × 10 -4 m 2 V -1 s -1 (Kulkarni et al., ions might have been generated with non-conductive fabric even though it does not show a 233 significant current increase ( Fig. 3(a) ). Previous studies reported the generation of reactive In order to study the effect of conductive and non-conductive fabrics on particle removal,
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submicrometer NaCl particles were used and their number concentration (# cm -3 ) was measured 243 at the ESP exit by SMPS (Fig. S1) . The experiments were conducted with conductive fabrics 244 (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL), non-conductive fabric (RR-245 10(S)F1SS/DSL), and no fabric. Fig. S1 displays a decrease in the number concentration of 246 particles as the voltage increases, whether the fabric was conductive or non-conductive. As 247 mentioned in section 3.2., an increase in the voltage causes the more ion generation (Fig. 3) and 248 therefore, more particles can be charged by the ions. However, the particle number concentration 249 decrease was different among the cases. As Figs. S1(a) and S1(b) show, for lower voltages there 250 was a large decrease in the particle number concentration when the conductive fabrics were 251 inserted, but a smaller decrease with non-conductive fabric or no fabric inserted (Figs. S1(c) and 252 S1(d)). For example, at 1 kV, all conductive fabrics showed clear reductions in particle number 253 concentration, but a negligible change in the particle number concentration with no fabric or 254 non-conductive fabric inserted. It should be noted that particle generation was observed at 0 kV 255 when the fabrics were inserted in the ESP (Fig. 4 ). This particle generation was likely due to 256 detachment of loosely coated particulates, microfibers, or particles left from the manufacturing 257 process of this fabric (Bush and Snyder, 1992; Hakansson et al., 2004; Almroth et al., 2018) .
258
Even when particles are generated by some of the fabrics upon insertion, once the ESP is 259 activated, the increased number of particles becomes negligible due to the enhanced efficiency of 260 the ESP setup.
261
Based on the particle size distribution data in Fig. S1 , the particle removal efficiencies 262 depending on different particle sizes (ƞ ! , %) of the ESP with conductive fabrics, non-263 conductive fabric, and no fabric were calculated by
where ! and ! represent the initial and final particle number concentrations of the ESP, 265 respectively. The results for the particle removal efficiency of the ESP for each tested fabric, 266 with their respective compiled distributions for each tested voltage, are given in Fig. 5 . As can be 267 seen in Fig. 5 , the particle removal efficiencies increased, regardless of whether the fabric was 268 conductive, non-conductive, or no fabric, as the system's voltage was increased due to the 269 increase in the electric field strength and more ion generation with all cases. In addition to this general enhancement of particle removal efficiency with all cases, three distinct trends were 271 shown 1) at 1 kV and 3 kV which were lower than the inception voltages of all cases, 2) at 5 kV 272 and 6 kV which were near the inception voltages of the conductive fabrics ( Fig. 3(a) ), and 3) at 273 7.5 kV which was higher than the inception voltages of the conductive fabrics and no fabric ( Fig.   274   3(a) ). In the cases of 1 kV and 3 kV, the applied voltages were lower than the inception voltages 275 of conductive fabrics, non-conductive fabric, and no fabric. Therefore, corona discharge did not 276 occur, which resulted in the low particle removal efficiency due to the poor charging efficiency 277 with particles (Figs. 5(a) and 5(b)). The lower charging efficiency was more pronounced with 278 smaller particles, which is due to lower ion attachment coefficients with smaller particles 279 (Adachi, 1985; Kulkarni et al., 2002) . In addition, a bell-shaped removal efficiency of particles 280 was obtained with these voltages. There are two opposite forces acting on particles inside the 281 ESP (electric and drag forces), and the balance between these two forces affects the particle 282 removal efficiency (Kulkarni et al., 2002) . As mentioned above, the charging efficiency 283 decreases with decreasing the particle size, which results in the lower particle removal efficiency.
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On the other hand, the drag force on particles increases as the particle size is increased, which 285 also causes the lower particle removal efficiency. Therefore, there could be a specific particle 286 size range at which the minimum particle removal efficiency is expected. In this study, the 287 minimum particle removal efficiency was observed between 100 nm and 500 nm of particle size, 288 which is similar to the previous studies (Kulkarni et al., 2002; Liao et al., 2018) . All fabrics show 289 the enhanced particle removal efficiencies compared to the case without fabric, which might be 290 because the fabrics provided a larger surface area to capture particles.
291
In the cases of 5 kV and 6 kV, a pronounced effect of conductive and non-conductive 292 fabrics on the particle removal efficiency was observed. At 5 kV, one of conductive fabrics 293 Table 3 . Summary of performed studies. 
